∘ C over aqueous bulk solutions containing dicarboxylic acids, using a Baratron pressure transducer. Our experimental measurements of water activity for malonic acid solutions (0-10 mol/kg water) and glutaric acid solutions (0-5 mol/kg water) agreed to within 0.6% and 0.8% of the predictions using Peng's modified UNIFAC model, respectively (except for the 10 mol/kg water value, which differed by 2%). However, for solutions containing mixtures of malonic/glutaric acids, malonic/succinic acids, and glutaric/succinic acids, the disagreements between the measurements and predictions using the ZSR model or Peng's modified UNIFAC model are higher than those for the single-component cases. Measurements of the overall water vapor pressure for 50 : 50 molar mixtures of malonic/glutaric acids closely followed that for malonic acid alone. For mixtures of malonic/succinic acids and glutaric/succinic acids, the influence of a constant concentration of succinic acid on water uptake became more significant as the concentration of malonic acid or glutaric acid was increased.
Introduction
The direct and indirect effects of atmospheric aerosols on global climate change have been well established in a number of previous studies. The direct effect is caused by scattering and absorbing solar radiation, and the indirect effect is caused by aerosols acting as cloud condensation nuclei (CCN) (e.g., [1] [2] [3] ). For both effects, the hygroscopicity of the aerosol plays an important role, since it influences the size of the particle and its ability to become a CCN (e.g., [4] [5] [6] [7] ).
Atmospheric aerosols consist of inorganic and organic compounds. Organic compounds account for 20% to 90% of the total fine particle mass in the troposphere (e.g., [2, 8, 9] ). Among the organic aerosol components in the atmosphere, dicarboxylic acids have been frequently measured in previous studies (e.g., [10] ). Oxalic acid is the most dominant dicarboxylic acid in aerosols, followed by malonic and succinic acids [10, 11] . In addition, most dicarboxylic acids are highly soluble in water, which makes them likely to affect the hygroscopic properties of atmospheric aerosols [11] [12] [13] .
A number of previous studies have measured the water uptake of pure water-soluble organic compounds (e.g., [11, [14] [15] [16] ) and the water uptake of inorganic and water-soluble organic mixtures (e.g., [17] [18] [19] [20] [21] [22] [23] ). In the inorganic-organic mixture studies, researchers have reported that the presence of organic compounds can reduce or enhance the hygroscopic growth of pure inorganic compounds. However, only a few studies have measured the hygroscopicity of organic mixtures [19, [24] [25] [26] .
For an aerosol containing mixed inorganic/organic or organic/organic compounds, water uptake has been most commonly predicted using the Zdanovskii-Stokes-Robinson (ZSR) method [27] . Choi and Chan [19] and Marcolli et al. [24] reported that their measurements agreed well with the predictions made by ZSR method, while Svenningsson et al. [26] showed that the ZSR model was applicable to 3 out of the 4 mixtures they measured.
Another approach uses the UNIFAC (UNIQUAC Functional-Group Activity Coefficients) [28] or a modified UNI-FAC [14] model to predict the hygroscopic behavior of a single or mixed organic solution. This method estimates activity coefficients of a system containing various functional groups based on previously determined interaction characteristics among those functional groups. Choi and Chan [19] reported 2 Advances in Meteorology that their organic mixture results showed good agreement with the modified UNIFAC predictions. Moore and Raymond [25] reported that measurements of multicomponent mixtures of 5 to 10 dicarboxylic acids were in good agreement with the original UNIFAC predictions while glutaric-malonic mixture data were in good agreement with the modified UNIFAC predictions. However, there is still a dearth of experimental data involving the hygroscopic behavior of organic mixtures, so it is not yet possible to assess the overall reliability of using these models for organic mixtures.
This study examines how mixtures of two water-soluble organics (malonic and glutaric acid) take up water and how the water uptake of a sparingly soluble organic (succinic acid) is affected by the presence of a water-soluble organic (malonic or glutaric acid). To measure the hygroscopic behavior of organic mixtures, this study measured water vapor pressures at 12 ∘ C over aqueous bulk solutions containing dicarboxylic acids. These measurement data are compared with the predictions made using ZSR and Peng's modified UNIFAC model [14] , one of the most frequently used methods for estimating the hygroscopic behavior of organic aerosols.
Experimental Procedures

Materials.
The organic compounds used in this study are listed in Table 1 . For this exploratory study, we focused on 3 species of dicarboxylic acids, a water-soluble chemical group frequently identified in atmospheric aerosols. Malonic acid and glutaric acid were used due to their high solubility, while succinic acid was chosen due to its relatively low solubility. The large odd-even variation in solubility for the dicarboxylic acids is due to the effects of the cis-versus trans-orientation of the end groups on the strength of the intermolecular interactions (e.g., [32] ). Table 1 includes the chemical formula, molecular mass (g/mol), density (g/cm 3 ), solubility (g/100 g of water), and manufacturer information.
Water Vapor Pressure Measurements.
Hygroscopicity was analyzed by measuring the water vapor pressure over a bulk solution. This bulk solution measurement approach is similar to the one used by previous studies (e.g., [19, [33] [34] [35] ). The bulk solution method has a couple advantages over two other commonly used methods to measure hygroscopicity, the tandem differential mobility analyzer (TDMA) and the electrodynamic balance (EDB). First, a bulk solution allows for a long residence time, ensuring equilibrium between water and organic compounds. Second, the vapor pressure over a bulk solution can be directly measured using the Baratron under highly controlled temperature conditions. A schematic of our measurement apparatus is illustrated in Figure 1 .
An aqueous organic solution sample was prepared by adding Milli-Q purified water (18.2 M). The solid chemicals and liquid water mass were measured by digital balance with uncertainty of ±0.01 g (less than 1% of the total mass). The organic solution was mixed by a magnetic Teflon-coated stir bar and stirrer until the chemical was completely dissolved in pure water. This sample solution was placed on a glass vessel manifold and then completely frozen with liquid nitrogen. The headspace air was pumped out using a high vacuum pump (GLD-051, ULVAC, Inc., MA, USA) while the aqueous solution was frozen. After these freeze-and-draw steps, the solution was thawed with a heat gun. All headspace air in the glass vessel manifold was purged by repeating the freeze-draw-thaw steps at least three times and then verifying that the headspace air pressure measured by the Baratron was less than 0.02 Torr. After purging all of the headspace air, the glass vessel containing the aqueous solution was submerged in a thermostat bath controlled by a refrigerated circulator (Neslab RTE-10, Thermo Electron Corp., Inc., NH, USA). The water temperature in the bath was measured with a digital thermometer (Digi Sense RTD Platinum, Eutech Instruments, Singapore). After submerging the glass vessel containing the organic solution, the target temperature, 12 ∘ C, was maintained for at least 30 minutes before the start of measurements, to achieve equilibrium.
The equilibrium water vapor pressure over the organic solution at 12 ∘ C was monitored by the Baratron pressure transducer (Model 626A, MKS Instruments, Inc., MA, USA) directly. Since the Baratron can only measure the total air pressure in the glass vessel, a quadrupole mass spectrometer (QMS 200, Stanford Research Systems, Inc., CA, USA) was used in parallel, to detect and quantify any organic vapor in the headspace air.
The Baratron and QMS were calibrated using Milli-Q water over a wide range of temperatures to eliminate any systematic error from the measurement setup. The small background signal originating from the mass spectrometer was measured before the experiment and then subtracted from the steady-state reading of the QMS. For the malonic, succinic, and glutaric acids used in this work, no organic vapor was detected by QMS in the headspace air of the glass vessel. As a result, all water vapor pressure values reported in this work are from the Baratron. The equilibrium water vapor pressure was measured independently four times for each solution. The standard deviation of these quadruplicate measurements was determined to be <0.4% for the averages reported in this study, so error bars of 0.4% are used in the figures. Any differences of 0.5% or more between measurements and model are viewed as significant.
For the physical dimensions (diameter and length) of the capillary used, the optimal performance of the QMS in terms of the detection sensitivity occurs for an inlet pressure of around 10 Torr. Therefore, we chose the solution temperature to be 12 ∘ C so that the vapor pressure over the bulk solution would be around 10 Torr.
Results and Discussion
Two approaches were used to measure the hygroscopic behavior of dicarboxylic acid mixtures. The malonic/glutaric acid mixtures were studied by varying concentration levels while maintaining a 50 : 50 molar mass ratio, due to the high solubility of both compounds. For the malonic/succinic and glutaric/succinic mixtures, a different approach was used, with the concentration of succinic acid held constant while varying the concentration of the second acid. This is because Advances in Meteorology 3 [30] .
(6) 10 Torr succinic acid is less soluble in water than the other two acids. Experimental measurements were compared with the predictions made using ZSR and UNIFAC.
Single-Component Solutions.
For validation of the method and initial comparisons with UNIFAC, water vapor pressure was measured over single-component organic solutions. The water activity of a solution is related to the measured pressure via the following equation:
where RH = relative humidity (%); = vapor pressure over organic solution; and 0 = vapor pressure over pure water. For the single-component solutions, measurements spanned concentrations from 0.1 mol/kg water to near the solubility limits at 12 ∘ C (10 mol/kg water for malonic acid and 5 mol/kg water for glutaric acid). As shown in Figures 2(a) and 2(b), water activity plots for both malonic acid and glutaric acid decrease as the acid concentration increases and agree with other experimental studies. The dotted lines, denoting Peng's modified UNIFAC prediction, agree with our data to within 0.6% for malonic acid (except for the 10 mol/kg water value, which differs by 2%) and 0.8% for glutaric acid. Note that Peng's measurement was taken at 25 ∘ C, while Braban's and ours were taken at around 12 ∘ C. Peng's modified UNIFAC also estimated water activity at 12 ∘ C. However, the variation in water uptake as the temperature increases from 12 ∘ C to 25 ∘ C is small for solute molalities of less than 8 mol/kg water; for example, for malonic acid, Braban et al. (2003) [11] experimentally observed a decrease in water uptake of <0.05%/C, while UNIFAC predicts a small increase in water uptake of <0.02%/C with increasing temperature.
The experimentally measured relationship between water activity and solute molality can be used to determine the hygroscopic growth factor ( )-the ratio between the wet and dry particle diameters-at a specific RH. The following equation [36, 37] relates the hygroscopic growth factor ( ) to the solute molality ( ): [14] , EDB measurements at 25 ∘ C. e Prenni et al. [16] , TDMA measurements at 30 ∘ C. f Wise et al. [31] , bulk solution measurements at 25 ∘ C. g Braban et al. [11] , is calculated from its raw data, bulk solution measurements at 285.1 K (=11.95 ∘ C).
h Cruz and Pandis [20] , EDB measurements at 22-26 ∘ C. where wet = wet particle mass; dry = dry particle mass; wet = wet particle concentration (g/m 3 ); dry = dry particle concentration (g/m 3 ); MW = molecular weight of solute (g/mol); and = solute molality (mol/kg water). Table 2 summarizes the values calculated at RHs of 85%, 90%, and 95%. As can be seen from Table 2 , most of our values are within the range of those found in, or calculated based on, the previous literature. The values for glutaric acid at 85% and 90% RH cannot be assessed via our measurement setup. This is because the bulk solution method cannot simulate the particle condition prior to full deliquescence, and the DRH (deliquescence relative humidity) was found to be greater than 90% at 12 ∘ C-this can be seen via the fact that the water activity is greater than 0.9 at any concentrations of glutaric acid up to the solubility limit (see Figure 2( 
b)). For comparison, DRH values for glutaric acid at 25
∘ C have been reported to be 88.9% and 88.5% [14, 31] . Other researchers who reported at 85% and 90% used an EDB, a TDMA, or a bulk solution method at higher temperature ranges (22) (23) (24) (25) (26) (27) (28) (29) (30) ∘ C) [14, 16, 20, 25] . Similarly, the values for succinic acid are not available even at an RH of 95%, since its DRH is greater than 95% at 12 ∘ C. Wise et al. [31] and Peng et al. [14] reported DRH values for succinic acid at 25 ∘ C of 97.6% and 98.8%, respectively.
Mixture of Malonic and Glutaric Acids.
To study the hygroscopicity of organic mixtures, the water vapor pressure was measured over organic solutions containing malonic acid and glutaric acid at a 50 : 50 molar mass ratio. Figure 3 shows our measurements of water activity for the malonic/glutaric acid mixture along with the prediction made by UNIFAC. Using Peng's modified UNIFAC model for mixtures, this 50 : 50 molar mixture of malonic/glutaric acids was predicted to fall roughly midway between the hygroscopicity of the two individual organics. In the UNIFAC model, the contribution made by one functional group is independent of that made by another, and it systematically predicts a water activity for twocomponent mixtures that is intermediate between the individual dicarboxylic acids. However, in our measurements, the water uptake of this mixed solution closely followed that of malonic acid. This led to a greater water uptake than predicted by the modified UNIFAC model for mixtures. As a result, the measurements were higher than UNIFAC predictions for mixtures of these two acids by up to 1.6% at 5 mol/kg water. Since the standard deviation for each set of 4 replicate measurements was less than 0.4%, the observed discrepancies between our measurements and model predictions reflect a significant difference.
Previously, Moore and Raymond used HTDMA [25] and Choi and Chan used both EDB and the bulk method [19] to measure the hygroscopicity of malonic/glutaric acid mixtures. They reported good agreement between their data and UNIFAC predictions, over a wide range of RH (20-100%). However, in fact the water activity measurements in the HTDMA and EDB studies were consistently lower than the model predictions by up to ∼1-2%, consistent with the decrease found in our study. However, as shown in Figure 3 , Choi and Chan's measurements using the bulk solution method show higher water activities than the model. The cause of this disagreement is unclear; however, it might be due to differences in measurement temperature and/or the method of measuring water activity. Figure 3 also shows the predictions based on the ZSR mixing rule. The original ZSR [27] equation is given by
where is the molality of solute in a mixture and is the molality of the solute when it is alone at a given relative humidity. This equation can be equivalently expressed as the following two equations (e.g., [20, 25] ): mass water,mix = ∑mass water,
,mixture = { ⋅
where mass water,mix is the total water uptake of the mixture, mass water, is the water uptake of each species , and is the volume fraction of malonic acid in the dry particle. The growth factor of each individual compound was first calculated using (2), and then the growth factor for the mixture was estimated using (5) . By converting back to molality, we show in Figure 3 that the predicted ZSR water activity for the mixture lies between those of the individual compounds. This result is due to the assumption that the water uptake of a mixture can be calculated by adding that of each individual compound within the mixture (see (4)). Thus, the ZSR approach overpredicts water activity, compared with our measurements up to 2.3%.
Mixture of Malonic and Succinic Acids.
For mixtures of malonic and succinic acids, we added a set concentration (0.3 mol/kg water) of succinic acid to 1 to 7 mol/kg water of malonic acid solution. The concentration of succinic acid was chosen based on its maximum solubility at 12 ∘ C (see Table 1 for the reported solubility of succinic acid at 25 ∘ C). This approach allows an examination of how the hygroscopicity of a set concentration of the less-soluble succinic acid depends on the concentration of malonic acid in the mixture.
As seen in Figure 4 , the modified UNIFAC model predicted that the additional amount of water uptake due to addition of succinic acid was essentially a constant increment, regardless of the concentration of malonic acid. However, for our measurements, the influence of the succinic acid on water activity was not significant for 1, 2, and 3 mol/kg water of malonic acid solutions (a decrease in water activity of less than 0.2%). In contrast, at higher concentrations, the malonic acid solution showed a noticeable decrease in water activity (of 1.0, 1.1, 1.1, and 1.4% for 4, 5, 6, and 7 mol/kg water of malonic acid, resp.) when 0.3 mol/kg water of succinic acid was added. This result again suggests that the noninteraction assumption in UNIFAC can lead to an overestimate of the water activity in dicarboxylic acid mixtures. 
Mixture of Glutaric and Succinic Acid.
We also added 0.3 mol/kg water of succinic acid to 1 to 5 mol/kg water of glutaric acid solution. The modified UNIFAC model predictions for this mixture assume that the added succinic acid will take up water independently. However, as illustrated in Figure 5 , our measurements show that the influence of a given concentration of succinic acid on water uptake systematically strengthened with glutaric acid concentration, although it only became significantly lower (with a decrease of 1.1%) at the 5 mol/kg level. These results indicate that the amount of water uptake due to succinic acid depends on the concentrations of other organic acids in the solution.
Implications
We measured hygroscopic properties of three dicarboxylic acid mixtures (malonic/glutaric, malonic/succinic, and glutaric/succinic) using our bulk solution method. Our major findings are as follows.
(1) While our pure malonic and glutaric acids solution data agree with UNIFAC to within 0.6% (for 0-7 mol/kg water) and 0.8% (for 0-5 mol/kg water), respectively, our measured water activity for mixtures of these two acids is lower than UNIFAC and ZSR predictions, by 1.6 and 2.3%, respectively.
(2) The hygroscopicity of malonic/glutaric acid mixtures closely follows that of pure malonic acid alone.
(3) In organic mixtures, succinic acid's effect on hygroscopicity becomes more pronounced as the concentration of a second, more soluble acid is increased. Our data, glutaric UNIFAC, glutaric Our findings lend support to the hypothesis that interactions between different species of organics in a mixed solution can cause measurable alterations in hygroscopic behavior.
One possible cause for the trends observed in the hygroscopic properties of these mixtures may involve changes in the surface population of organics. We hypothesize that when two different organic acids are present in solution, they may exhibit a greater tendency to accumulate at the surface, leaving less surface area available for water molecules. Partial support for this hypothesis stems from the hydrophobic behavior of hydrocarbons, as illustrated in Figure 6(a) , that is, their tendency to minimize the disruption of hydrogen bonds between water molecules by either staying at the solution surface or staying together [38] .
For mixtures of organics in solution, the same mechanism drives less-polar molecules to the surface, or together. However, in this case, driving the different types of acid molecules together is less effective in terms of reducing the contact area and increasing the entropy (Figure 6(b) ). As a result, the molecules are more likely to be driven to the surface than to be driven close to each other. Thus when two different organic acids are present in solution, they will exhibit a tendency to accumulate at the surface, leaving less surface area available for water molecules.
This surface population behavior would explain why our measured water activities for the malonic/glutaric mixtures are lower than UNIFAC and ZSR predictions. For the succinic/malonic and succinic/glutaric mixtures, the effect of a set concentration of succinic acid on water vapor suppression increases as the second acid's concentration is increased, suggesting that the number of succinic acid molecules at the surface is increasing. Our results support the hypothesis that reliable estimates of the hygroscopic behavior of an organic solution mixture cannot be solely based on the behavior of individual organics but must include the interactions between the organics in the solution. Modeling approaches which do not consider species interactions, like UNIFAC and ZSR, were found in our study to systematically overestimate the water activity for dicarboxylic acid mixtures in solution, by up to 2.3%.
Conclusions
In this study, we observed systematic differences between measured and modeled hygroscopic behavior for three dicarboxylic acid mixtures, over a range of concentrations. While the two-component organic mixtures examined here are much simpler than real atmospheric aerosols, our results suggest that interactions between different organic components must be considered in order to accurately model aerosol hygroscopicity. Further measurements are needed, involving more diverse mixtures of organics and inorganics [39] , to better understand and characterize these interactions between species.
